A gene transfer system that ensured recovery of whole plant transformants was developed for saower (Carthamus tinctorius L.). Embryo axes of germinating seeds with one of the cotyledons removed were pricked with a sterile sewing needle at the cotyledonary node and infected by gentle agitation for 10 min in a suspension of Agrobacterium tumefaciens. Following a 24 h co-cultivation and decontamination with cefotaxime for 1 h, they were placed on soilrite moistened with water to allow germination to progress. Later, the seedlings were transferred to soil in pots where they grew into normal healthy plants in the greenhouse. The histochemical assay of an uidA gene that expresses only in plant tissues and PCR ampli®cation of uidA and nptII marker genes were used for early determination of putative transformants, whereas Southern analysis of T 0 and T 1 plant DNA was used to con®rm integration of the transgenes. The combined results indicated that the frequency of transformation was 5 . 3 % in saower`A-1' and 1 . 3 % in`A-300'. Four T 0 plants of`A-1' yielded transformed T 1 progeny. The strategy, in principle, should be applicable to all cultivars and genotypes of saower which are susceptible to Agrobacterium tumefaciens infection. Thus far, this is the only procedure available for saower that could successfully be used to generate whole plant transformants.
INTRODUCTION
Regeneration of whole plant transformants of saower (Carthamus tinctorius L.) following Agrobacterium tumefaciens-mediated transformation has largely been unsuccessful (Ying et al., 1992; Orlikowska et al., 1995; Sankara Rao and Rohini, 1999a) . Although several reports of in vitro regeneration of saower have been published (Mandal et al., 1995; Baker and Dyer, 1996) , an ecient plant regeneration system applicable to a wide group of genotypes/cultivars is still lacking. Sensitivity of regenerated shoots to media water content and high relative humidity in the culture vessels, dierential rooting response among cultivars to the auxin source (Orlikowska and Dyer, 1993) and inhibition of culture growth by selection antibiotics (Ying et al., 1992) presently restrict genetic engineering of saower to only those cultivars in which ecient whole plant regeneration in vitro has been demonstrated. Development of a method to obtain transformants, which is independent of the problems inherent to tissue culture of saower, would represent a major accomplishment. We present a method for obtaining transformed saower plants based on Agrobacteriummediated gene transfer wherein the in vitro plant regeneration step has been totally eliminated. The procedure adapted is essentially an in planta method similar to those used earlier for other crops viz., DNA uptake by whole embryos of rice by imbibition (Junhi and Guhung, 1995) , transformation by injection of Agrobacterium into seeds of cauli¯ower (Eimert et al., 1992) , co-cultivation of the whole or split embryo apices with Agrobacterium in sun¯ower (Schoneberg et al., 1994) , Agrobacterium inoculation of excised primary and secondary in¯orescence shoots of Arabidopsis thaliana (Katavic et al., 1994) , co-cultivation of germinating seeds of Arabidopsis thaliana with Agrobacterium (Feldmann and Marks, 1987) and Agrobacterium infection of the cotyledonary node of the germinating seeds by excision of one of the cotyledons in sun¯ower (Sankara Rao and Rohini, 1999b) and peanut (Rohini and Sankara Rao, 2000) .
MATERIALS AND METHODS

Plant material
Seeds of saower (Carthamus tinctorius L.) cultivars`A-1' and`A-300' were soaked for 30 min in a dilute (0 . 1 %) detergent solution, Labolene (Qualigens Fine Chemicals, Mumbai, India) with added fungicide [1 % Bavastin (BASF India Ltd, Mumbai)] and subsequently rinsed with sterile distilled water. Further sterilization was carried out with 0 . 1 % HgCl 2 solution for 10 min. Traces of the sterilant were removed by several rinses with sterile water. One of the cotyledons was cut o from seeds which were preincubated for 2 d on plain agar (0 . 8 %-Hi-Media, Mumbai) for 48 h at 308C in the dark. The cotyledon was excised at the site of its attachment to the primary axis. Following excision of the cotyledon, the germinating seeds were further incubated on semi-solid Murashige and Skoog (1962) 
Bacterial strains and vectors
Agrobacterium tumefaciens strain LBA4404, harbouring the binary vector pKIWI105 (Janssen and Gardner, 1989) , was used for transformation. The vector contains the uidA reporter gene driven by the CaMV 35S promoter and a neomycin phosphotransferase II (nptII) gene driven by the nopaline synthase promoter. The reporter gene of pKIWI105 is a version of uidA which lacks the bacterial ribosome binding site and shows no expression in Agrobacterium but shows good activity in plant cells (Janssen and Gardner, 1989) . For probe preparation, the pUC-GUS121 from E. coli strain XL-1 Blue was used. This plasmid carries the uidA gene with the CaMV 35S promoter and the nos terminator. Digestion of this plasmid with EcoRI and BamHI releases a 2 . 1 kb fragment comprising of the uidA coding region along with the nos terminator.
Transformation and recovery of transformants
Agrobacterium strain LBA 4404/pKIWI105 was grown overnight at 29±308C in LB medium ( pH 7 . 0) containing 50 mg ml À1 kanamycin. The bacterial cells were pelleted and resuspended in 100 ml of Winans' AB medium (Winans et al., 1988 ) ( pH 5 . 2) and grown for 18 h. For vir gene induction treatments, acetosyringone (100 mM) and wounded tobacco leaf extract (2 g in 2 ml sterile water) (Cheng et al., 1996) were added separately to the Agrobacterium suspension in Winans' AB medium (100 ml) before infection. The embryo axes with one cotyledon removed were pricked four±®ve times at the cotyledonary node with a sterile sewing needle, then immersed and agitated gently at 28±308C in a suspension of Agrobacterium in Winans' AB medium for 10 min. Following cocultivation on semi-solid MS basal medium for 24 h, embryo axes were washed thoroughly with 500 mg ml À1 of cefotaxime in liquid MS basal medium with gentle agitation (80 rpm) for 1 h and placed on autoclaved soilrite (vermiculite equivalent) (Chowgule Industries Ltd, Bangalore) moistened with water for germination under aseptic conditions in the growth room in wide mouth capped glass jars of 300 ml capacity, three embryos per jar. After 5 to 6 d, the germlings were transferred to soilrite in pots and were allowed to grow under growth room conditions for at least 10 d before they were transferred to the greenhouse. The pots were initially covered with polythene bags to maintain humidity. The growth chamber was maintained at 26±288C under a 14 h photoperiod with¯uorescent light of intensity 35 mmol m À2 s À1 . In each experiment 50 embryos were infected and the experiments were repeated three times.
Expression and localization of b-glucuronidase
The method of Jeerson (1987) was used to assess uidA gene expression in the tissues of primary transformants 4 d post co-cultivation and in the leaves of the greenhouse established plants.
Expression of the uidA gene was further ascertained by Western blot analysis. About 50 mg of total protein extracts of leaves from both cultivars`A-1' and`A-300' were resolved on a 10 % polyacrylamide gel (Laemmli, 1970) . Immunostaining of the immobilized proteins was performed using the GUS antibody (Clontech, Palo Alto, USA) according to the GUS gene fusion system user manual (Clontech).
Tissues that tested positive for uidA gene expression were ®xed in formalin±acetic acid±ethanol (FAA) then dehydrated with the n-butanol series and embedded in paran (Johansen, 1940) . Paran sections were cut, 14±16 mm thick, deparanized and mounted in michrome mountant (Edward Gurr Ltd, London). Micrographs were taken using Kodacolour 100 ASA ®lm for bright ®eld images.
Molecular analysis for the presence and integration of the marker genes DNA extraction. DNA was isolated following the procedure of Dellaporta et al. (1983) from 2 g of tissue that was tested free of residual Agrobacterium. Plasmid DNA from XL-1 Blue/pUCGUS121 was prepared according to Sambrook et al. (1989) .
Polymerase chain reaction. PCR was performed not only to determine the presence of a 514 bp uidA (Stummer et al., 1995) and 800 bp nptII gene fragments (Raharjo et al., 1996) in the putative transformants but also to determine that these plants were not carrying residual Agrobacterium (Lev'ee et al., 1997). In order to amplify the uidA gene sequence, PCR was initiated by a hot start at 948C for 4 min followed by 32 cycles of 1 min at 948C, 2 min at 558C and 2 min at 728C. PCR conditions to amplify the 569 bp vir C region were: 948C for 30 s, 558C for 1 min, 728C for 1 min for 30 cycles. The conditions used for nptII gene ampli®cation were the same as those used to amplify the uidA gene. The products were run on a 1 % agarose gel.
Southern analysis. In order to analyse the total genomic DNA for integration of both the marker genes in saower A-1' and`A-300', approx. 10 mg of DNA were digested with HindIII. In pKIWI105, HindIII cuts once just outside the right border (Janssen and Gardner, 1989) . The digested DNA samples were electrophoresed on a 0 . 7 % agarose gel. The separated fragments along with the uncut DNA were transferred onto a nylon membrane. Hybridization was performed at 658C in 6X SSC, 5X Denhardt's solution, 1 % SDS and 100 mg ml À1 salmon sperm DNA for 18 h. Membranes were washed for 30 min each in 2X SSC, 0 . 1 % SDS; 1X SSC, 0 . 1 % SDS; 0 . 1X SSC, 0 . 1 % SDS at 658C (Sambrook et al., 1989) . Membranes were wrapped, placed on X-ray ®lm and exposed at À708C.
A 2 . 1 kb insert carrying the uidA gene coding region from pUCGUS121 and an 800 bp PCR ampli®ed nptII gene product were random primer labelled (Amersham) and used as probes to detect the integration of uidA and nptII genes, respectively.
RESULTS AND DISCUSSION
Optimization of transformation protocol
The feasibility of the transformation strategy adopted in the study was initially evaluated by the number of saower embryo axes germinating into normal seedlings following wounding by excision of one cotyledon and by pricking with a needle at the intercotyledonary region, infection with Agrobacterium and decontamination treatment. The seedlings turned brown and vitri®ed when the infection time was increased beyond 10 min. Sucient decontamination without damage to the tissues could be attained with 500 mg ml À1 cefotaxime for 60 min. The vir gene induction treatments to enhance the transformation eciency involved the use of tobacco leaf extract and acetosyringone. The use of Agrobacterium previously treated with acetosyringone (100 mM) did not have any eect on the transformation eciency. A similar observation was also made by Orlikowska et al. (1995) with saower`centennial'. The use of wounded tobacco leaf extract added to the AB induction medium helped improve transformation eciency by reducing the symptoms of hypersensitivity and increasing the number of embryos expressing GUS. At least four out of ten embryos tested showed GUS expression.
The co-cultivation period also aected the transformation eciency as an increase in the co-cultivation period for more than a day drastically reduced the embryo survival rate (data not shown).
In the experiments performed initially to determine the tolerance to kanamycin, it was observed that uninfected embryo axes (control) did not root beyond 150 mg ml À1 of kanamycin. There was a reduction in the survival rate when wounded uninfected as well as infected embryos were germinated in the presence of kanamycin. Also, it was possible that the transformed sectors would be eliminated when embryo organs began to die when subjected to kanamycin selection. For these reasons selection on kanamycin was eliminated.
The transformation conditions followed for subsequent experiments were infection of 2-d-old germinating embryonal axes for 10 min with Agrobacterium in 100 ml of Winans' AB medium containing wounded tobacco leaf extract (2 g in 2 ml sterile water), co-cultivation for 24 h on MS basal medium followed by decontamination with 500 mg ml À1 cefotaxime for 1 h. The germination process of the Agrobacterium-infected embryo axes progressed uninterrupted on soilrite in capped bottles although the percentage recovery of seedlings was 16 and 7 for saower cultivars`A-1' and`A-300', respectively. Later, the surviving seedlings adapted to greenhouse conditions were transferred to soil in pots (Table 1 ). These plants were analysed for the presence and integration of both the transgenes.
b-Glucuronidase expression and localization
The GUS histochemical analysis performed on day 4 post co-cultivation with the whole embryos gave the ®rst indication of the transformed status of the embryos. Figure 1A shows GUS expression throughout the shoot axes. The advantage of eliminating the background GUS activity resulting from bacterial presence in the tissue was conferred by the binary vector pKIWI105. The integration and expression of the uidA gene was further con®rmed by western blot analysis (Fig. 1D ) as a protein band was detected at the expected 74 kDa position in both the cultivars`A-1' and`A-300' which was absent in the total protein extracts of the untransformed plants. Microscopic examination of the shoot sections showed that the indigo dye precipitates were localized within cells (Fig. 1B  and C ).
Molecular analysis of T 0 plants
PCR analysis of both the uidA and nptII genes indicated that transformation of saower`A-1' was more ecient than in`A-300'. In`A-1', 14 of the 24 plants analysed contained the 514 bp uidA gene fragment, 11 contained the 800 bp nptII gene fragment and eight plants contained both marker genes ( Fig. 2A and B) . PCR analysis of ten`A-300' plants for both marker genes showed that three and ®ve plants contained the uidA and nptII genes, respectively, whereas two plants contained both the marker genes ( Fig. 3A and B) . This result suggests that in plants wherein only one of the marker genes is ampli®ed, the other may have been modi®ed or was never transferred. A similar observation was reported in pepino (Atkinson and Gardner, 1991) , tamarillo (Atkinson and Gardner, 1993) , and apple (Yao et al., 1995) . Up to 50 % of the transgenic plants of these crops were found to contain part of the T-DNA. The absence of residual bacteria was con®rmed when ampli®cation with virC speci®c primers was not detected in the DNA of these plants. However, uidA gene ampli®cation was seen in the same samples (Fig. 4) . and nptII genes, respectively. The uncut DNA in the blots gave a strong hybridization signal indicating the integration of both the marker genes. Variation in hybridization patterns of the HindIII digested DNA further con®rmed integration.
Molecular analysis of progeny (T 1 ) plants
In cultivar`A-1', eight plants that ampli®ed both uidA and nptII genes were considered for progeny analysis. A total of 17 seeds were obtained from four T 0 plants, of which nine germinated. PCR ampli®cation of uidA gene showed a 514 bp fragment in two plants (Fig. 9) . When DNA from these two plants was subjected to Southern hybridization using an 800 bp nptII gene fragment as a probe, signals obtained for uncut DNA and the hybridization pattern of the HindIII digested DNA (Fig. 10) con®rmed the inheritance and integration of both the marker genes in the progeny (T 1 ) plants. The Mendelian inheritance could not be deduced due to the small number of seeds obtained.
The method presented showed not only the integration of both the marker genes, but also con®rmed transmission of the introduced genes. Direct and callus-mediated regeneration from primary explants of saower cultivars was examined previously in combination with Agrobacterium tumefaciens-mediated transformation (Orlikowska et al., 1995; Sankara Rao and Rohini, 1999a) . We have aimed to establish a system to overcome the constraints of in vitro plant regeneration from Agrobacterium-treated explants and investigated the use of the entire embryo axis of the germinating seeds as the target tissue for transformation and for its subsequent growth directly into a transformed plant. Our results indicate that transgenic saower plants can be obtained by Agrobacterium-mediated transformation of cells of the plumule and cotyledonary node of germinating seeds. The possibility of some of the progeny resulting in fully transformed plants for the introduced genes has been demonstrated in this study.
The procedure, in principle, can be applied to all those genotypes and cultivars of saower which are susceptible to Agrobacterium tumefaciens infection, although the eciency of transformation appears to vary between them. The degree of susceptibility of these cultivars to Agrobacterium tumefaciens could be the reason for this dierence. 
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